We demonstrate up to 3.8 W average power broad continuum generation in holey fibers pumped by a kilowatt peak, 10 W average power, single-mode, seeded ytterbium fiber amplifier at 1064 nm. Components of generated continua and spectral slicing indicate major contributions of Raman and Kerr nonlinearities. The proposed configuration opens the way to fully fiber integrated multiwatt white light sources.
A wide range of laser types have been used to generate broadband continua in holey fibers, albeit usually with low average powers. [1] [2] [3] [4] Peak powers of a few hundred watts are adequate to produce self-phase modulation ͑SPM͒ and stimulated Raman scattering initiated continua 5 in holey fibers, and seeded high power Yb:Er fiber amplifiers with nanosecond pulses at megahertz rates have been shown to be efficient pump sources. 6, 7 By manipulating the geometry of the fiber, zero or anomalous dispersion propagation can be arranged in the wide range from the visible to infrared. This implies that ytterbium, single-mode fiber sources at 1 m wavelength with peak powers of several hundred watts and watts of average power can be efficiently used for broad multiwatt continuum generation in holey fibers. The possibility of low-loss splicing of holey fibers 8 and the availability of single-mode, ytterbium fiber amplifiers, with 10-15 W average and up to 1 kW peak power budgets, would result in efficient, and practical, all-fiber format, high spectral power density continuum sources.
In this letter we propose and demonstrate generation of up to 3.8 W, broadband continua in holey fibers pumped by high average and peak power, 1 m wavelength source based on seeded ytterbium fiber amplifier. Figure 1 shows the experimental configuration. The cw signal from the seed laser diode was modulated by applying short rf pulses to the fiber pigtailed 20 GHz LiNbO 3 amplitude modulator which was dc offset to better than 38 dB extinction state. An in-line, 0.8 nm, spectral filter was employed to remove the residual amplified spontaneous emission ͑ASE͒ from the first unsaturated amplifier. Further preamplification to the 10 mW level was used to provide saturated operation of the 10 W ytterbium amplifier. This was necessary because alternatively the pulsed signal with unsaturated cw gain would result in the growth of ASE in the 10 W amplifier fiber, which in turn would act as a seed for parametric mixing with the high peak power pulses at 1064 nm. With a duty factor ratio up to 150, 1 ns pulses at 6.6 MHz repetition rate, the seed signal to ASE ratio was better than 35 dB. By adjusting the rf pulse voltage amplitude to 1.2 V , square-like profile optical seed pulses were obtained which led to a constant intensity profile of the output kilowatt optical pulses ͓inset ͑b͒, Fig. 2͔ . Saturated operation of the 10 W ytterbium amplifier and high, 35 ps/͑nm km͒, normal dispersion of the gain fiber at 1064 nm, allowed high peak powers to be obtained while keeping nonlinear interaction in the single-mode amplifier fiber below threshold; no first Stokes signal was detected in the amplifier's fiber at 1120 nm. As a result, we achieved up to 1.5 kW peak power level at the 10 W average power output with single mode, diffraction limited beam quality. Figure 2 shows the spectra of the seed and 1.5 kW output pulses and the output pulse temporal profile.
The source was used for pumping several different types of holey fibers. The fiber parameters are listed in the Table I . The value of normalized frequency V ͑Table I͒ was estimated following the model described in Ref. 9 . All fibers had anomalous dispersion at the pump wavelength of 1064 nm and above, apart from HF1 where the dispersion made the transition from anomalous to normal at 1150 nm. Due to the need for a high power optical isolator, the linearly polarized pump radiation was coupled into the holey fibers by using bulk optics. The maximum achieved output continua power levels were 1, 2.1, 3.8, and 1.8 W for fibers HF1, HF2, HF3, and HF4, respectively. Resulting continua, their width at Ϫ35 dB level, and corresponding fundamental peak powers are shown in Fig. 3 . In HF3, where the highest power con- tinuum was generated, 94% of the output power was carried by the continuum spectral components. In HF1, HF2, and HF3, the major limiting factors for generating continua were the water peak absorption (Ͼ0.5 dB/m losses͒ around 1400 nm and the nonguiding behavior of the fibers for wavelengths longer than ϳ1450-1500 nm. In contrast, in HF4, due to the extended waveguiding wavelength region, we obtained continua extending up to 2000 nm wavelength and of nearly 1000 nm width. It should be noted that in HF1, despite the aforementioned loss factors, the continuum extended up to 1600 nm due to higher, up to 150 MW/cm 2 , pump power densities. This also indicates that the major effect responsible for continuum generation in this fiber pumped by kilowatt peak power, nanosecond pulses is Raman scattering which allowed the nonlinear spectral power transfer over the water absorption peak. Additionally, because of the bulk-optical coupling arrangement, we observed excitation of the high order modes which allowed generation of the visible and the UV components in the continua. 1 We also measured the dependence of the continuum width on the angle of the incident linearly polarized pump. The geometric layout of air-holes in the fibers we used indicated apparent ellipticity of the core. This resulted in birefringence of the fiber and led to the dependence of the continuum width on the orientation of the incident linear polarization ͑Fig. 3͒.
The main nonlinear contribution to continuum generation is the Raman nonlinearity of silica and we estimate that up to ten Raman orders were generated in our holey fibers. Because of the nonzero anomalous dispersion of the main guided mode at the pump wavelength, in all but HF1 fiber, four wave mixing ͑FWM͒ did not contribute to continuum generation. However in HF1, once the second order Stokes at 1178 nm was generated, near the second zero dispersion wavelength of 1150 nm, the FWM could additionally contribute to generation of spectral components. Combined with higher power densities, this led to wider continuum obtained in HF1 which extended up to 1600 nm. The normalized spatial frequency V, as estimated for our holey fibers, meant that higher order modes were also supported by HF1, HF2, and HF4 fibers at 1064 nm wavelength ͑see Table I͒ . This may explain the observed visible and UV generation components in the generated continua. [1] [2] [3] [4] The power density of these components represented less than 0.5% of the overall power of the continuum. In this respect, we believe that it is hard to suggest any practical use for the generated visible components due to the high order, complex structure of the modes the visible components are carried by in the holey fiber.
Finally, because of the peak power and fiber lengths we used, SPM was not expected to contribute into the generation of the strong frequency chirp across the entire pulse width. 5 However, the square-like profile of the pump pulse intensity envelope ͑see Fig. 2͒ meant that SPM still occurred at the leading and the trailing edges of the pulse propagating in the holey fibers. Indeed, in the presence of a finite dispersion, this led to appearance of a characteristic pattern at the leading and trailing edges of the output pulse. 7 Additionally, the SPM contribution was confirmed by spectral slicing 10 of the multiwatt continua in the holey fibers with a 1.7 nm slit monochromator ͑see Fig. 4͒ . The sharp leading and trailing edges of the spectrally sliced pulses in the ''blue'' part of the continuum got asymmetrically modified due to the SPM contribution as the splicing window was moved to longer wavelengths. Here, the anomalous dispersion in combination with the SPM induced chirp was causing the dispersive stretching of the front edge peak and, in reverse, some enhancement of the trailing peak in the sliced pulse. Because of the short holey fiber lengths we used, low anomalous dispersion and relatively long pump pulse duration, no obvious overall fluctuation or soliton compression of the sliced Raman continuum pulse have been observed. The gradual reduction of power of the sliced pulses directly corresponded to the distribution of the spectral power density within the continuum ͑Fig. 4͒. We are planning to investigate the SPM related evolution of the multiwatt, Raman continuum by using shorter, under 100 ps, seeded pulses.
In conclusion, we proposed, demonstrated, and analyzed up to 3.8 W average power, broadband continuum generation in holey fibers pumped by a single-mode, kilowatt peak power ytterbium fiber source in the vicinity of the zero dispersion wavelength. We showed that such Yb fiber source delivers sufficient peak power to generate broadband continuum in holey fibers with the width over 1000 nm. The potential of low loss splicing of holey fibers with singlemode, standard fibers, opens the way to a fully fiber integrated, compact, multiwatt average power broadband white light sources.
